Abstract--Protein complexes of smectites in soils are difficult to detect if the usual smectite tests show no peculiarities. Andalusian black earths are typical examples. Investigation of the alkylammonium derivatives, however, allows detection of adhered macromolecules which might be protein-like although this cannot be proved cxactly.
INTRODUCTION
Micro-organisms and plants act as continuous sources of a wide variety of monomeric, oligomeric and polymeric organic compounds. Most of these compounds are adsorbed by soil minerals. The interaction covers all bonding types from physical sorption to cation exchange and chemical reactions. Physical adsorption of monomeric compounds is mostly reversible and most of the sorbate-sorbentcomplexes are destroyed during the different preparation processes of the soil. Polymeric molecules often are irreversibly adsorbed--not in the thermodynamic sense but due to kinetic hindrance of the desorption. Clay minerals strongly adsorb polymeric molecules, especially cationic polymers which can be bound by cation exchange. The sorption isotherms are steep; even from very dilute solutions large amounts of polymers are adsorbed. Among the different macromolecular systems in soils proteins and protein degeneration products are very important due to their basic groups (-NH~, -NR~, guanidium, imidazol, pyrrolidinium, etc.) which can be bound by cation exchange.
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Protein adsorption on clays has been extensively .discussed in the literature (Ensminger and Gieseking 1941; Mortland and Gieseking, 1952; Talibudeen, 1954; Lynch and Cotnoir, 1956; McLaren et al., 1958; Pink, 1962; Armstrong and Chesters, 1964) . Differences of adsorption data reported in the literature are caused by different methods of preparation and by the fact that reaction of clays with proteins proceeds sometimes very fast, sometimes very slowly.
In connection with our experiments on layer charge determination of swelling clay minerals we often found hints of adsorbed macromolecules on the clay minerals by unusual spacings of the alkylammonium derivatives. An Andalusian black earth revealed this phenomenon quite clearly; the properties were very similar to those of synthetic montmofillonite-protein complexes.
EXPERIMENTAL

Andalusian black earth
The Vertisol is a very gray soil, little permeable, of very coarse texture and slightly alkaline reaction, low content of organic matter and characteristic mull humus. CaCO 3 content is of the order of 15% throughout the profile. It is a clayey soil with high 243 (Gonzalez Carcia and Perez Rodriguez, 1970) . Detailed information is given in Tables 1 and 2 .
Fractionating of the black earths
Carbonates were removed by treatment with a buffer solution of sodium acetate-acetic acid at pH = 5. The suspension in water was fractionated by the usual sedimentation procedure and the 2 #m clay fraction separated. The suspension was flocculated with ammonium acetate, washed and air dried.
Preparation of alkylammonium derivatives
About 50-100 mg of the clay fraction were treated with 2-3 ml of n-alkylammonium chloride solutions at 65~ for 3 days; then washed 3 times with ethanolwater and again suspended in 2-3 ml of alkylammonium chloride solution for 3 days at 65~ The samples were washed 6 times with 2-3 ml ethanol and 20 times with 2-3ml ethanol-water (1:1) and airdried. Before the X-ray investigations in DebyeScherrer cameras the samples were carefully dried at 0.1 Torr and 40~ and then at 10 -3 Torr and 40~ for 20 hr.
Alkanol complexes of the alkylammonium derivatives
Small amounts of alkylammonium derivatives were mixed with not more than the same volume of alkanol (larger excess has to be avoided!) and tempered for 24hr at 65~ The samples were cooled slowly to room temperature and X-rayed in DebyeScherrer powder cameras (dia ll4.6mm).
Preparation of montmorillonite-protein complexes
Montmorillonite-protein complexes were prepared from montmorillonite from Niederbayern (Stidchemie, Germany) and Wyoming (A.P.I. No. 25, Wards, USA). Homoionic calcium and sodium forms were obtained by treating 50 g of the natural product extensively (i.e. 3 times for calcium and 5 times for sodium) with 500 ml 0.1 N calcium or sodium chloride solutions. The excess salt was removed by dialysis.
The proteins used were bovine serum albumen (Cohn Fract. V, 15.2%N; Serva, Heidelberg, Germany), lysozyme (3 x cryst., 17.1% N, Serva) and salmine sulfate (pract., 20.1~N, Fluka, Switzerland) . Adsorption of the proteins was measured by direct determination of protein loss in solution (photometrically by biuret reaction) and by C and N analyses of the dried montmorillonite-protein complexes.
For preparation of the protein complexes 20 g calcium montmorillonite was dispersed in 500 ml water. For the sodium montmorillonite 5 g sodium montmorillonite was dispersed in 5 1. water (and more) in order to get a very dilute dispersion with complete separation of the silicate layers. Five grammes albumen or lysozyme in 500 ml water were slowly added, pH was not adjusted but was always 5.0-5.5 (experiments at different pH-values indicated the adsorption on montmorillonite to be less pH-dependent than on hydrophilic silica (MacRitchie, 1972) ). After 120hr at 4~ in darkness (to avoid growth of algae) the montmorillonite-protein complexes were separated by filtration, washed with water and dried in the same way as the natural soils.
RESULTS
Unusual properties of the alkylammoniwr~ derivatives of the soil clay fraction
The clay fraction of the soil is a mixture of illite and smectite and some kaolinite. It reveals no unusual behavior if the usual soil tests are applied, in contrast to a natural organic clay complex described by Moum et al. (1973) . The smectite expands with ethylene glycol and does not collapse with potassium chloride. Drying in high vacua decreases the basal (Table 1, 2) from Andalusian black earth (nc is the number of carbon atoms in the alkyl chain). The basal spacings of the n-alkylammonium derivatives (after careful washing and drying) are shown in Figure 1 . Their variation with chain length is very unusual. Among our investigation of about 200 smectites we did not find similar curves (Lagaly and Weiss, 1976) . The pecularity is revealed by comparison with the spacings of a low and a high charge smectite ( Figure 2 ). The three plateaus at basal spacings of 13.5A, 17.7A and 22A correspond to monolayers, bilayers and pseudotrimolecular layers of alkylammonium ions (nc carbon atoms) between the silicate layers Weiss, 1970, 1971) . Only one of the soil samples, No. 18 on the basis of the profil, shows the expected variation of the basal spacing. The broad transition range from monolayer to bilayer structures (from nc = 11 to nc = 14) indicates a low charge smectite with heterogeneous charge distribu- tion (Lagaly and Weiss, 1970; Lagaly and Weiss, 1976) . The interlayer cation density varies randomly between 0.28 and 0.33 eq./(Si, A1)4Olo. In all other samples the basal spacings start to increase beyond 13.6A at n c = 10 indicating an upper limit of cation density of 0.36 eq./(Si, A1)4Olo. The plateau corresponding to the bilayer structure extends only from nc = 12-13, and has spacings (17.2-17.5 A) lower than those for typical bilayer structures (17.7 A). From nc = 13 to nc = 14 the spacing increases to the 20-21/~-plateau. This would indicate a smectite or vermiculite with a layer charge of at least 0.55 eq./(Si, A1)4010 in contrast to the data from the monolayer/bilayer transition.
The narrow limits of the second plateaus and their comparatively low basal spacings, the extended plateaus at 20-21 A and the sharp transition between the plateaus indicate the unusual properties of these soil smectites. This behavior is related to adsorbed organic material. Oxidation by H202 leads to basal spacings identical to those of sample No. 18 with no pecularities. The results reported resemble observations on synthetic montmorillonite-protein complexes. 
Model system: adsorption of albumen, lysozyme and salmine on montmorillonite
Calcium and sodium montmorillonites take up large amounts of albumen, lysozyme and salmine. The adsorption isotherms are steep (Figure 3) . At high protein concentration the adsorption decreases and unusual adsorption isotherms with a maximum are observed, presumably caused by strong solven~solu-tion interactions at high concentrations of macromolecules. There are large differences between the calcium and the sodium clays. Calcium montmorillonite adsorbs markedly larger amounts of salmine (660 meq. N/100 g) than lysozyme and albumen. The basal spacings (13.9-15.4A) show that the salmine molecules have slipped between the silicate layers. Lysozyme and albumen are adsorbed in maximum amounts of about 200 and 150meq. N/100g. The basal spacing of the dried complexes lie between 10 A and 11 A (Figure 4) .
Sodium clay adsorbs about 700meq. N/100g of salmine (sharp basal spacings of 17.1 18.3 A) and in contrast to calcium clay about 1000 meq. N/100g of lysozyme and albumen. Even if the lysozyme and albumen samples were carefully dried, (001)-reflexions could not be observed in Debye-Scherrer powder cameras and by Kratky experiments.
Bindin 9 of proteins by calcium montmorillonite
Calcium smectites expand in water to 20A; the protein molecules have to penetrate between the layers which are separated by 10 A at most. Only some proteins such as salmine with minor complexity and capability of unfolding can penetrate between the layers relatively fast as previously stated by Talibudeen (1954) (Figure 5(a) ). The reaction may be promoted by the high basicity of salmine (isoelectric points: salmine, pH= 12; lysozyme, pH= 10.5; albumen, pH = 5.2). The large amounts of lysozyme and albumen are adsorbed on the external surfaces, from Andalusian black earth 247 probably anchored in the interlayer spaces ( Figure  5(b) ). The anchoring opens the interlayer spaces in the outer regions, increasing d001 to somewhat above 10 A. It cannot be excluded that proteins penetrate deeper into some interlayer spaces so that packets of 10 A layers become separated by interlayer spaces with larger separations. The quality of the (001)-refiexions is too poor for a conclusive decision. The results with alkylammonium ions (see below) support the first model. In slow processes even proteins with high complexity and without complete unfolding may penetrate into the interlayer spaces upon expanding the layers to more than 20 A. Definite experimental resultg are difficult to obtain; long reaction times often lead to bacteriological decomposition of proteins and to intercalation of degeneration products.
Binding of proteins by sodium montmorillonite
Most sodium smectites expand completely under water, the basal spacing increases to hundreds of A. Due to complete separation of the silicate sheets proteins can be adsorbed on the whole area of the surfaces. The adsorption is not very specific; proteins with different molecular weight, composition and complexity are adsorbed.
Salmine macromolecules bring together the layers in relatively high order with sharp (001)-reflexions of spacings of 17.1-18.3 A. The spacings and the amount adsorbed lie in the same range as those of calcium montmorillonite.
Lysozyme and albumen are adsorbed by sodium clay in higher amounts (about 1000meq. N/100g) than by calcium clay (about 200 meq./N/100 g). The X-ray diagrams show that the layers do not collapse. Even if the complexes were carefully dried, (001)-reflexions could not be observed in Debye-Scherrer powder cameras (dia l14.6mm) or by the Kratky technique. At first glance one might imagine that the basal spacings are very large. But it is improbable that the dried samples have high spacings because there is not enough organic material to maintain the layers in large separation. One has to assume that flocculation of the colloid solution in which the silicate layers are surrounded by proteins yields less ordered structures with protein coils of different sizes between not parallel layers ( Figure 6 ). (This process may be considered as interfacial coagulation of proteins according to MacRitchie, 1972 .) By special experimental conditions the collapse of the layers during flocculation can be controlled in such a way that ordered structures are formed (McLaren et al., 1958; Armstrong and Chesters, 1964) . For comparison with natural samples the disordered protein complexes are more appropriate.
Alkylammonium derivatives of montmorillonite-protein complexes
There are characteristic differences between the alkylammonium derivatives of the montmorillonite- 
Interaction of alkylammonium ions with montmorillonite-protein complexes
Calcium montmorillonite. The increased layer separation of calcium montmorillonite during the reaction with alkylammonium ions enables larger parts of the protein molecules (adhered at the external surfaces ( Figure 5(b) ) to penetrate between the layers. In the alkylammonium chloride solution the layer separation is about 30-40 A as a consequence of formation of alkyl chain bilayers and, therefore, in the order of the smallest diameter of albumen (about 30-40 A) and lysozyme (about 30A, Fasold, 1972; cf. Armstrong and Chesters, 1964) . Since in alkylammonium chloride solution the spacing of the protein complexes and of pure montmorillonite are nearly the same, the spacing of the protein complexes is determined by ordered domains of alkyl chain bilayers ( Figure 5(c) ). The enhanced adsorption of proteins at the interlayer spaces becomes evident if the alkylammonium complexes are washed and dried: the basal spacings are increased in comparison to pure alkylammonium montmorillonite. They appear to be higher charged montmorillonites but are really produced by occupation of interlayer sites by protein molecules (Figure 5, (d) , (e)). From Figure 7 one estimates about 25% of the internal area is occupied by protein. Since the spacings lie between 17 and 25 A, protein binding appears to be restricted to the peripheral regions of the interlayer spaces. Probably basic groups of proteins replace alkylammonium ions. Since the area/ basic group is certainly larger than the area of an alkylammonium ion, the spacings are enhanced in comparison to pure alkylammonium montmorillonite.
Salmine complexes give spacings identical with those of pure montmorillonite (Figure 7(d) ). It seems that salmine molecules do penetrate between the layers of calcium clay (Figure 5(a) ) but on the other hand are easily displaced by the alkylammonium ions.
Sodium montmorillonite. Unlike the random distribution of the silicate layers of sodium montmorillonite in the protein matrix (Figure 6 ), the alkylammonium derivatives have relatively sharp (001)-reflexions with basal spacings similar to those of the alkylammonium derivatives of calcium montmorilloniteprotein complexes. The X-ray diagrams show enhanced background and an intensive small angle scattering. The alkylammonium ions are capable of reorganizing the system to ordered structures: formation of the alkylammonium bilayers forces parallel orientation of the silicate layers with mostly regular separations ( Figure 6 ) and more or less strong (001)-reflexions. Organizing to regular structures does not displace completely the protein molecules from the silicate surface. The basal spacings make evident that larger parts of the protein molecules remain bound in interlayer regions.
The enhanced small angle scattering indicates that the reorganization by alkylammonium ions does not comprize all of the silicate layers; some of the layers remain in the partial crystalline state. Since the intensity of the (001)-reflexions is nearly as great as in case of calcium montmorillonite, the amorphous part may not exceed 10-20%.
Organization of macromolecular systems by alkylammonium ions not only has been observed with proteins but also with amorphous high molecular phosphates, polyglucosides (Weiss and Michel, 1958; 1960; 1962) , SiO2-gels and in a very special case, with a mica-like silicate from lungs of silicosis patients (Weiss, 1963) .
DISCUSSION
For soil investigations the results from calcium montmorillonite are of most interest because pure sodium clays are abundant only in very special soils. The investigation reported concerns calcium montmorillonites with large amounts of proteins adsorbed which collapse to about 10 A by drying in vacuo. The protein is strongly adsorbed at the external surfaces and probably anchored between the silicate layers at the periphery of the interlayer spaces ( Figure 5(b) ). It can be detected by reaction with alkylammonium ions.
We described the behavior of sodium montmorillonite as a model for complexes with large organic molecules and diffuse (001)-reflexions for the following reasons: it cannot be excluded that in soils even calcium smectites are transformed into protein complexes with mostly diffuse (001)-reflexions, because a wide variety of proteins occur in soils. Due to the long time of alteration processes in soils, even very slowly penetrating macromolecules can expand the lattice to less regular structures. In addition several organic compounds in soils are able to displace the calcium cations by cation exchange reactions producing less ordered organic derivatives. Examples are amino derivatives of carbohydrates such as chitosamine (glocusamine, decomposition product of chitine) and chondrosamine (galactosamine). Chitosammonium smectites take up large amounts of water, the (001)-reflexions become diffuse and remain diffuse in the not completely dried state. Alkylammonium ions displace the chitosammonium ions from the interlayer space.
Among other macromolecules in soils, polyuronides and humic acids and their different precursors such as fulvic acids may be mentioned. Due to their negative charge they may be not as strongly adsorbed on clays as protein-like macromolecules. Several mechanisms were proposed in order to explain the adsorption of humic and fulvic acids (Schnitzer and Khan, 1972) : anion exchange reactions by substitution of OH-groups on external surfaces of clays by OH-groups of the macromolecules (Greenland, 1971) ; hydrogen bonds between hydration water of exchangeable metal cations and macromolecules (Mortland, 1970; Theng and Sharpenseel, 1975; Theng, 1976) ; bridging by polyvalent cations (Edwards and Bremmer, 1967) ; competition of macromolecules and water for ligand positions around exchangeable cations (Schnitzer and Kodama, 1972) . Bridging between clay and negatively charged macromolecules by diamino-or diammonium compounds represents a further possibility. (Air dried sodium montmorillonite shows in presence of sodium huminate and dodecyldiammonium ions no (001)-reflexions, intensive drying gives products with low spacings (13 14A.) Swelling and exchange of longer chain alkylammonium ions are prevented.) Large amounts of humic material can also be bound on clay surfaces by SiO2-gels which make stable amorphous coatings on clay particles (Jackson, 1969; McKyes et al., 1974) and strongly adsorb fulvic acids.
During our investigation of large collections of smectites (Lagaly and Weiss, 1976) we found several samples with low amounts of organic material which gave usual basal spacings with small alkylammonium ions. With the longest alkylammonium ions the (001)-reflexions disappeared and enhanced diffuse scattering was observed. Evidently treatment with sufficiently long alkylammonium ions opens the interlayer spaces to the extent that externally adsorbed macromolecules penetrate between the layers under formation of less ordered structures. The reaction with alkylammonium ions has a contrary effect as described above. The alkylammonium ions do not reorganize an "amorphous" system to an ordered structure but enable the macromolecules to penetrate between the layers making the layer separation very irregular. A strong interaction of the macromolecules with the silicate layers overcomes the "ordering power" of the alkylammonium ions.
In conclusion, the similarities of the results from the soil clays and from the prepared clay-protein complexes are at least consistent with the assumption that the natural clays are complexes with large organic molecules which might well be protein-like although this cannot be specially proved.
